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The4KZvirus is one of the largest knownbacte-
riophages. It infects Pseudomonas aeruginosa,
which is frequently pathogenic in humans, and,
therefore, has potential for phage therapy. The
4KZ virion consists of an1450 A˚ diameter ico-
sahedral head and an 2000 A˚ long contractile
tail. The structure of the4KZ tail has been deter-
mined using cryo-electron microscopy. The
4KZ tail is much longer than that of bacterio-
phage T4. However, the helical parameters of
their contractile sheaths, surrounding their tail
tubes, are comparable. Although there is no rec-
ognizable sequence similarity between the4KZ
and T4 tail sheath proteins, they are similar in
size and shape, suggesting that they evolved
from a common ancestor. The 4KZ baseplate
is significantly larger than that of T4 and has a
flatter shape. Nevertheless, 4KZ, similar to T4,
has a cell-puncturing device in the middle of
its baseplate.
INTRODUCTION
Bacteriophage 4KZ is a giant virus that belongs to the
Myoviridae family and infects Pseudomonas aeruginosa
(Krylov et al., 1978; Mesyanzhinov et al., 2002). Pseudo-
monads are Gram-negative, aerobic bacteria that partici-
pate in the mineralization of organic matter and are able to
decompose a large variety of organic compounds (Ahearn
et al., 1999). Pseudomonas bacteria are found in aqueous
solutions or in biofilms attached to surfaces. Some Pseu-
domonas species are frequently found in clinical speci-
mens because of their resistance to antibiotics, a cause
of considerable concern in medical practice. For instance,
P. aeruginosa can be responsible for urinary tract infec-
tions, respiratory system infections, dermatitis, soft tissue
infections, nosocomial bacteremia, bone and joint infec-
tions, gastrointestinal infections, and a variety of systemic
infections, particularly in immunocompromised patients
with severe burns, cancer, or AIDS (Giamarellou, 2000;
Stover et al., 2000). P. aeruginosa is resistant to many
antibiotics, including penicillins, cephalosporins, tetracy-Structure 15, 1099–1104,cline, chloramphenicol, and vancomycin. However, bac-
teriophage 4KZ can be effective in combating P. aerugi-
nosa infections and, therefore, might have promise for
phage therapy.
The 4KZ virion consists of an icosahedral head, which
has a diameter of1450 A˚, and an2000 A˚ long contrac-
tile tail, which terminates in a baseplate (Krylov et al., 1978;
Mesyanzhinov et al., 2002). The 4KZ genome has 280,334
base pairs and contains 306 open reading frames (Me-
syanzhinov et al., 2002). The rather few gene sequences
that can be easily recognized as being homologous to
gene products in other organisms and, in particular, in
other tailed phages indicate that 4KZ represents a distant
branchof theMyoviridae family. There are at least 40 struc-
tural proteins in the 4KZ virion. Several of these proteins
are cleaved during virus assembly in a manner similar to
what occurs in the events leading to the assembly of phage
T4 (Mesyanzhinov et al., 2002; Leiman et al., 2004).
An 18 A˚ resolution, three-dimensional structure of the
4KZ capsid had been determined previously by using
cryo-electronmicroscopy (cryo-EM) (Fokine et al., 2005a).
The capsid shell was shown to be composedmostly of the
major capsid protein, a product of gene #120 (gp120),
organized into a surface lattice of hexamers, with T = 27
triangulation. The shape and size of the hexameric cap-
somers were found to be similar to those of bacterio-
phages HK97 (Wikoff et al., 2000), T4 (Fokine et al., 2004),
315 (Jiang et al., 2006), and P22 (Jiang et al., 2003), sup-
porting the hypothesis that the major capsid proteins of
many tailed phages have a similar fold and have evolved
from a common viral ancestor (Fokine et al., 2004, 2005b).
A complex of several proteins was shown to occupy 11
pentameric vertices of the4KZ capsid. The tail was shown
to be attached to a special portal vertex by a ‘‘connector’’
whose structure is similar to the connectors in bacterio-
phages429 (Simpson et al., 2000), T4 (Fokine et al., 2004),
P22 (Lander et al., 2006), 315 (Jiang et al., 2006), and SPP1
(Lebedev et al., 2007). In the interior of the capsid, the re-
construction showed concentric layers of alternating high
and low density. These layers were attributed to densely
packed, double-stranded DNA. Previous studies of the
4KZ virus (Krylov et al., 1984) had suggested the presence
of a protein structure inside the 4KZ capsid, around which
the genomic DNA is presumably wound.
In this paper, we report a cryo-EM structure of the 4KZ
tail determined to 28 A˚ resolution. In addition, we showSeptember 2007 ª2007 Elsevier Ltd All rights reserved 1099
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Cryo-EM Study of the Pseudomonas Bacteriophage 4KZFigure 1. Two Cryo-EM Micrographs Showing Images of Bacteriophage 4KZ
(A and B) Particles with extended and contracted tails are marked by white and black arrows, respectively. Barely visible fibers are marked with
dashed arrows in (B). The scale bars correspond to 50 nm.that the genomic DNA is packed into the head capsid as a
spool-like structure. The axis of the spool makes an angle
of 32 with the long axis of the phage particle. Each
adjacent hexagonally packed rod of DNA in the capsid is
separated by 28 A˚.
RESULTS AND DISCUSSION
Structure of the Tail
Cryo-EM images of 4KZ show clusters of particles, some
with contracted tails, attached to liposome-like cell debris
(Figure 1), probably mimicking 4KZ attachment to and
infection of host bacteria. The micrographs show that
the tail sheaths are contracted from 1600 to 800 A˚,
representing about one-half of their original lengths. Com-
parable relative changes in the sheath dimensions occur
when bacteriophage T4 infects Gram-negative E. coli
(Kostyuchenko et al., 2005; Leiman et al., 2004).
Similar to bacteriophage T4 (Leiman et al., 2004), the in-
fection of P. aeruginosa by 4KZ virions starts with attach-
ment of the tail fibers to the cell’s outer membrane. The
attachment initiates a conformational change of the base-
plate, leading to the contraction of the tail sheath. The
sheath contraction then drives the tail tube into the cell
wall and through the intermembrane peptidoglycan layer,
thus allowing the phage DNA to enter into the cell through
the tail tube.
Initially, a three-dimensional reconstruction of the base-
plate and a small, 400 A˚ long part of the sheath was cal-
culated assuming six-fold symmetry (Figure 2). The final
resolution of this reconstruction was 28 A˚. In order to ob-
tain a better measure of the length and helical parameters
of the sheath, a reconstruction was calculated for the1100 Structure 15, 1099–1104, September 2007 ª2007 Elsevierentire 2000 A˚ long tail and neck (the region between
the tail and the capsid) by using the same orientations of
the particles as had been obtained during the initial recon-
struction. The resulting reconstruction had a resolution
of 65 A˚. Amodel of the entire tail sheath could then be built
by sequential fitting of the higher-resolution, 400 A˚ long
part of the sheath into the lower-resolution map of the en-
tire tail (Figure 3). A separate reconstruction of the neck
was also calculated and had a resolution of 40 A˚. Its posi-
tion with respect to the tail model was determined by
superimposing it onto the lower-resolution reconstruction
of the entire tail and neck. Finally, the reconstruction of the
capsid, reported previously (Fokine et al., 2005a), was
superimposed onto the tail reconstruction, leading to a
three-dimensional map of the entire 4KZ virion (Figure 3).
The tail sheath is assembled around the tail tube
(Figure 2D). The 4KZ sheath is composed of 44 rings.
Each 36.2 A˚ thick ring consists of six gp29 subunits
(gp29 is a reassignment of the gene function given by
Mesyanzhinov et al. [2002]) and is rotated by 22 with re-
spect to the previous ring. Thus, the number of gp29 sub-
units in the 4KZ sheath is most probably 264. However, it
is possible that the rings closest to the baseplate and/or
to the neck might be composed of different proteins. In
comparison, the T4 sheath is composed of 23 40.6 A˚ thick
ringsmade of gp18 hexamers that are rotated by 17.2 rel-
ative to the previous ring (Kostyuchenko et al., 2005). The
molecular weight of the 4KZ sheath protein (77 kDa) is
similar to that of the gp18 sheath protein of T4 (71 kDa),
although no sequence similarity could be detected. Fur-
thermore, the shape of the cryo-EM density representing
monomers of the 4KZ sheath protein gp29 is similar to
that of T4 gp18 (Figure 2), and recombinant 4KZ gp29Ltd All rights reserved
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Cryo-EM Study of the Pseudomonas Bacteriophage 4KZFigure 2. Reconstruction of the Base-
plate Region of the 4KZ Tail
(A–C) (A) Side, (B) bottom, and (C) top views of
the baseplate surface.
(D) The density distribution in a central section
is shown. The proteins in the tail sheath are
organized into six helices related by a six-fold
axis. Each helix is shown in a different color
(magenta, white, brown, blue, yellow, and
green). The baseplate is shown in gray. The
density corresponding to the cell-puncturing
device is colored red. Places of fiber attach-
ment are colored yellow.
The scale bars correspond to 10 nm.and T4 gp18 can assemble into polysheaths (L.P.K. and
V.V.M., unpublished data).
The 45 A˚ inner and 110 A˚ outer diameters of the 4KZ tail
tube (Figure 2D) are similar to the 43 and 96 A˚ diameters,
respectively, of the T4 tail tube. However, the tail tube pro-
tein of 4KZ has not yet been identified, and no detectable
sequence similarity could be found between the tail tube
protein gp19 of T4 and any 4KZ gene product.
The4KZbaseplate (Figure 2) has a rather flat, hexagonal
shape with a diameter of 800 A˚ and a thickness of
350 A˚.However, rawEMmicrographsshowthat thebase-
plate iswider in viruseswith contracted tails (Figure 1A). The
form and the size of the 4KZ baseplate are significantly
different from the dome-shaped, hexagonal baseplate of
T4 phages with extended sheaths (Leiman et al., 2004), in-
dicating that the requirements for infecting the different
hosts resulted in structural divergence of the cell-infection
mechanism. Nevertheless, similar to T4, 4KZ has density
in the middle of its baseplate that resembles the needle-
like ‘‘cell-puncturing’’ device of T4. This device is most
likely composed of gp181 (2237 amino acids), which, like
the T4 cell-puncturing protein gp5 (Kanamaru et al., 2002),
contains lysozyme-like domain (residues 1866–2051)
(Miroshnikov et al., 2005). If, by analogy with T4, gp181
were present in the baseplate as a trimer, the cell-punctur-
ing device would not obey the six-fold symmetry used in
the reconstruction.
Bacteriophage T4 has six long and six short tail fibers
attached to its baseplate. The cryo-EM images of 4KZ
show 500 A˚ long fibers attached to the baseplate (Fig-
ure 1B), and the three-dimensional, cryo-EM reconstruc-Structure 15, 1099–1104tion shows part of the fiber density at the periphery of the
baseplate (Figure 2). T4 infection starts with the attach-
ment of the long tail fibers to the outer membrane of the
cell, permitting the virus to scan the host cell surface.
When a suitable site has been found, there occurs a trans-
formation of the baseplate from a dome-shaped to a star-
shaped conformation (Leiman et al., 2004), accompanied
by unfolding and irreversible binding of the short tail fibers
to the cell surface, contraction of the tail sheath, and ejec-
tion of the genome. The six fibers attached to the 4KZ
baseplate are presumably equivalent to the short tail fibers
of T4 in that they are the principal mode of attachment to
the host cell. The cryo-EM images of 4KZ do not show
evidence for the presence of any long tail fibers.
The cryo-EM images (Figure 1) and the reconstruction
(Figure 3) show two discs with a radius of 160 A˚ in the
neck part of the virus. The 4KZ neck, like the neck of T4,
may be composed of different proteins whose genes
have not yet been identified. The structure and assembly
of the 4KZ tail sheath, tail tube, and capsomers (Fokine
et al., 2005a) are similar to those of T4 and presumably
have evolved from a common ancestor.
Structure of the 4KZ Genomic DNA
Concentric layers, separated by 24 A˚, of alternating high
and lowdensity were observed in the cryo-EM reconstruc-
tion of the4KZcapsid (Fokine et al., 2005a). Similar density
layers have been observed in cryo-EM reconstructions
of many viruses, including tailed phages (Lepault et al.,
1987), adenovirus (Stewart et al., 1991), bluetongue virus
(Gouet et al., 1999), and PRD1 (Abrescia et al., 2004)., September 2007 ª2007 Elsevier Ltd All rights reserved 1101
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Cryo-EM Study of the Pseudomonas Bacteriophage 4KZThese layers are consistent with a separation of 28 A˚
between DNA helices packaged into hexagonal arrays
that have layers of helices separated by 28*cos30A˚. For
some bacteriophages (Cerritelli et al., 1997; Jiang et al.,
2006), the DNA forms a spool-like structure in which the
spool axis is aligned with the axis of the phage particle.
Viruses with small capsids require extensive bending of
the DNA inside the head, but large viruses, such as 4KZ,
would be able to accommodate considerable lengths of
straight DNA rods. Projections of individual DNA rods,
separated by a distance of 28 A˚ and packed into hexago-
nal arrays, can be seen in some unprocessed cryo-EM
images of 4KZ (Figure 4A). Similar arrays have been ob-
served in DNA toroids produced by the condensation of
l phage DNA with hexammine cobalt (Hud and Downing,
2001). The 28 A˚ interrod distance is also consistent with an
Figure 3. Three-Dimensional Model of the 4KZ Virion
The major capsid protein is shown in blue, the capsid vertices are
shown in beige, and the neck part of the virus is shown in green. Six
helices of the tail sheath are shown in different colors (white, brown,
blue, yellow, green, and magenta). The baseplate is shown in gray.
The density corresponding to the cell-puncturing device is colored
red. Places of fiber attachment are colored yellow. The scale bar
corresponds to 30 nm.1102 Structure 15, 1099–1104, September 2007 ª2007 ElsevierX-ray study of Co(NH3)6
3+-DNA condensates at relatively
high levels of hydration (Schellman and Parthasarathy,
1984). A similar distance between the DNA turns was
observed in the nucleosome core particles of chromatin
(Finch et al., 1977; Luger et al., 1997; Richmond and
Davey, 2003; Schalch et al., 2005). Furthermore, X-ray
and electron diffraction studies have shown that the inter-
helical distance of DNA polymers in a condensed state
can range from 18.8 to 30.0 A˚, depending on the condens-
ing agent and the level of hydration (Maniatis et al., 1974;
Rau and Parsegian, 1992; Suwalsky et al., 1969).
One cryo-EM image of 4KZ particles (Figure 4B), par-
tially filled with DNA, suggested that the DNA is organized
into a spool-like structure wound around an inner protein
body, leaving a part of the capsid empty. The axis of the
DNA spool (and the inner body) is roughly coincident
with an icosahedral two-fold axis of the capsid at an angle
of about 32 with the long axis of the phage particle. Such
an orientation of a DNA spool within a bacteriophage cap-
sid has not, to our knowledge, been reported previously
and raises questions how the DNA is systematically pack-
aged or unwound.
EXPERIMENTAL PROCEDURES
Electron Microscopy
Images of frozen-hydrated particles, prepared as described by
Mesyanzhinov et al. (2002) and Fokine et al. (2005a), were recorded
on Kodak film using a Phillips (Eindhoven, The Netherlands) CM300
FEG microscope. The magnification was 33,000, and the irradiation
doses were 20 electrons/A˚2. Defocus distances were in the range
of 1–3 mm. The images were digitized with a Zeiss ZI scanner. Particle
images were selected by using the program RobEM (R. Ashmore
and T.S. Baker, personal communication; http://cryoem.ucsd.edu/
programDocs/runRobem.txt).
Image Reconstructions
The three-dimensional image reconstructions were performed with the
program SPIDER (Frank et al., 1996) by using projection-matching
techniques to orient the particles. The number of particles used in
the reconstructions was 1112 out of a total of 1450 selected particles.
The resolution of the reconstructions was calculated by using a Fourier
shell correlation cutoff of 0.5.
The initial model for the reconstruction of the baseplate and a part of
the tail was amask of uniform density in the form of a hexagonal prism,
representing the baseplate, with an attached cylinder, representing
a part of the tail sheath. This mask was represented on a 100 3 100
grid with grid points separated by 8.48 A˚. Reference projections
were calculated from the model at 2 angular intervals. Initially, the in-
clination angle to the plane of the micrograph for each particle and the
particle’s in-plane rotation were determined by using the previous re-
construction of the head (Fokine et al., 2005a). These two angles were
then fixed and were not changed during further reconstruction cycles.
The current model was used to determine the rotation of the particle
around the phage axis in each refinement cycle. A total of 30 cycles of
image reconstruction were performed while imposing 6-fold symme-
try. The hand of the reconstruction was chosen based on the similarity
to the T4 tail sheath.
The reconstruction of the entire tail and the neck was calculated by
using the particle orientations determined in the last cycle of the pre-
vious reconstruction. The reconstructed volumewas 4483 448 pixels,
with an 8.48 A˚ pixel size.
A separate reconstruction of the neck was performed by using the
neck density taken from the reconstruction of the entire tail and neckLtd All rights reserved
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Cryo-EM Study of the Pseudomonas Bacteriophage 4KZFigure 4. Cryo-EM Images of Bacteriophage 4KZ
(A) Image showing the hexagonal DNA packing. The black-white of the original cryo-EM image was inverted to white-black for clearer viewing. Denser
regions are shown in a brighter color. The axes of the DNA spool and the phage tail are shown with dashed lines. Projections of some individual DNA
rods are marked with arrows in the inserted picture.
(B) Image of the particle partially filled with DNA.
The scale bars correspond to 50 nm.as the initial model. The model was represented on a 120 3 120 grid
with 8.48 A˚ pixel size. The reference projections were calculated with
2 angular intervals. As had been done for the reconstruction of the
baseplate part, the inclination and in-plane rotation angles were deter-
mined by using the head part of the virus. Thus, only the rotation angle
of each particle around the phage axis needed to be determined.
A total of 30 cycles of image reconstruction were performed while
imposing 6-fold symmetry.
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